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Excessive workload during training for athletic competition may increase injury 
risk. The purpose of this study was to determine the effect of an increase in the acute-to-
chronic work ratio (ACWR) on hip range of motion, muscle soreness, and landing 
biomechanics in female collegiate athletes. Hip rotation range of motion, muscle 
soreness, and the Landing Error Scoring System (LESS) were compared between athletes 
in whom the ACWR exceeded 1.4 and those who did not (controls). The control group 
demonstrated a decrease in hip external rotation range of motion of 4.73° that was greater 
than the change in the ACWR group (p = 0.015). Greater LESS scores (i.e. poorer 
landing biomechanics) were associated with lesser hip internal rotation range of motion (r 
= -0.378, p = 0.04) in the ACWR group. These results suggest that hip rotation affects 
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CHAPTER 1: INTRODUCTION 
Overview 
 Anterior Cruciate Ligament (ACL) rupture is a common injury in competitive 
sports. Approximately 250,000 Americans injure their ACLs each year.1–3 This injury 
involves a long-term recovery process and frequently produces lasting effects on the 
knee.1,4,5 The impact that this injury has on quality of life and performance draws 
attention to its prevention and care. With this in mind it is important to identify what 
makes an individual more susceptible to ACL injury and to use that information to create 
prevention strategies in order to decrease that individual’s susceptibility. ACL injuries are 
most common among females.6–13 Sports with the highest incidence include but are not 
limited to soccer, volleyball, and field hockey.10,12,13 This study evaluated the interactions 
between workload, a known influence on musculoskeletal injury risk; landing mechanics, 
an established predictor of musculoskeletal injury risk generally and ACL injury risk 
specifically; and hip range of motion, another predictor of ACL injury risk14–22 in 
women’s soccer and field hockey athletes. This interaction would point to what may 
cause musculoskeletal injury during high workloads as well as a potential relationship 
between high workloads and ACL injury.  
 Preparation for athletic competition typically involves intense training and 
practice. While higher fitness levels decrease injury risk because the body is able to 
tolerate higher workloads,14 excessive training can increase injury risk.14,16,17,23 Several 
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different methods have been developed for assessing workload. The most effective 
approach is to measure the acute:chronic workload ratio (ACWR), meaning an average 
workload of 1 week compared to an average workload of 4 weeks.15,16,18,19 Previous 
studies have measured the absolute training load approach which does not take into 
consideration the fitness level of the athlete.18 The ACWR approach is effective because 
it considers the training load that the athlete has performed compared to the training load 
that the athlete has prepared for, and this provides an index of athlete preparedness.18  
 Along with ACWR, another common tool used to predict injury is the Landing 
Error Scoring System (LESS). The LESS has primarily been used to identify risky 
movement patterns involved in both musculoskeletal injury as well as ACL injury, and it 
is an important tool used to screen the lower extremity’s overall biomechanical 
function.20,24–26 More recently, the LESS has been explored as a predictor of ACL 
injury.20 Literature has shown specific landing patterns that place the ACL in the greatest 
danger.20,24,25,27 Those patterns particularly include trunk flexion displacement, hip 
flexion displacement, joint displacement, knee flexion displacement, trunk flexion at 
initial contact, and foot external rotation at initial contact. The LESS identifies those 
patterns and provides an opportunity to modify them as a preventative approach. Landing 
mechanics have been shown to be altered by fatigue.28–30 An ACWR of 1.5 or greater 
places an athlete at greater risk of injury, but little is known regarding what 
biomechanical factors contribute to this increase in risk.16 If there is a change in 
biomechanics that makes an athlete more susceptible to injury, it is possible that the same 
change may have a negative effect on landing mechanics in that athlete. Additionally, 
because there is an association between LESS scores and ACL injury risk, the presence 
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of biomechanical changes produced by higher ACWR could also place athletes at a 
greater risk of ACL injury. 
Thirdly, hip range of motion has been utilized as a predictor of ACL injury 
probability. While the majority of analyses have claimed knee joint movement as a cause 
of ACL injury, hip movements may contribute indirectly to the causative knee joint 
movement.21,22,31 Limited hip internal and external rotation in particular have been 
associated with ACL injury.21,22,31,32 While a link can be made between hip range of 
motion and injury, the relationship between hip range of motion and fatigue is unclear. 
The factor that may bridge the gap between fatigue and range of motion is delayed onset 
muscle soreness (DOMS). Clemente et. al.33 found increased DOMS in elite level soccer 
players who performed in 2 matches per week compared to elite level soccer players who 
performed in only one patch per week. DOMS has been shown to decrease range of 
motion in the affected muscle.34–36 If DOMS bridges the gap between fatigue and range 
of motion, the association would be clinically significant in that a high fatigue to fitness 
ratio (ACWR) would decrease hip range of motion and therefore increase ACL injury 
probability via poor hip internal and external rotation. 
 While extensive research has been done on LESS, hip range of motion, DOMS, 
and ACWR, little has been done to examine associations among them. Also limited in the 
literature is the association between ACWR and ACL injury risk. Workload studies have 
defined injury as any injury that leads to 24 hours of missed participation, but they have 
not differentiated extensively between injured structures.14–19 Therefore, it would be 
meaningful to link ACWR and ACL injury via landing mechanics and hip range of 
motion. Because of landing mechanics’ association with ACL injury and musculoskeletal 
 
4 
injury and hip range of motion’s association with ACL injury, an association among 
ACWR, landing mechanics, and hip range of motion would present the opportunity to 
adjust factors that lead to musculoskeletal or even ACL injury during periods of 
excessive ACWR. 
 The purpose of this study was to determine the effect of ACWR on hip rotation 
range of motion and landing biomechanics linked to ACL injury risk in women’s soccer 
and field hockey athletes as well as to explore relationships between DOMS, LESS, and 
hip rotation range of motion in the ACWR spike group. Changes in LESS scores and hip 
range of motion were compared between individuals who reached an ACWR value of 1.4 
(ACWR spike group) and a matched control group with an ACWR of less than 1.4 
(ACWR control group). Women’s sports were chosen due to the high incidence of ACL 
injury in women.6–9,37 Soccer and field hockey were chosen because of their high 
incidence of ACL injury as well as being non-contact in nature.  
Research Questions and Hypotheses 
1. What is the effect of acute:chronic workload ratio on landing biomechanics and 
hip rotation range of motion in Division 1 female soccer and field hockey 
athletes? 
a. Hypothesis 1: Both LESS Test scores and hip rotation range of motion 
will be poorer in the ACWR spike group than in the ACWR control group.  
2. What are the associations among LESS, DOMS, and hip rotation range of motion 
in the ACWR spike group?  
a. Hypothesis 2: Increased DOMS will be associated with a higher LESS 
score and reduced hip rotation range of motion, and a higher LESS score 
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will be associated with reduced hip rotation range of motion in the ACWR 
spike group.  
Clinical Significance 
 Given the greater injury risk associated with elevated ACWR, it is important to 
identify different factors that contribute to this greater risk. If this study finds that landing 
biomechanics, range of motion, and delayed onset muscle soreness are altered by ACWR, 
it will potentially identify targets for injury prevention programs and the timing of 
implementation in athletes’ training regimens. Appropriate intervention would be key in 
preventing soft tissue injuries potentially including ACL injury when an athlete exceeds a 








CHAPTER 2: REVIEW OF THE LITERATURE 
Overview 
 Competitive team sports give rise to an environment on a constant quest to be 
more prepared and better trained than the opponent. The most efficient way to become 
better is through training.17,38,39 Several studies have shown that training intensity, 
volume, and frequency can improve athletic performance, and it is therefore understood 
that performance improves with an increased training load.17,38,39 However, while 
improving performance is a desired outcome, increased training load can also produce 
undesired results. In collision sports, the harder athletes train the more susceptible they 
are to injury.14,16,17,23 About 60% of collision sport injuries occur through tackles and 
collisions and are, therefore, deemed directly avoidable. However, the other 40% of 
injuries are non-contact in nature and may be preventable. It is unclear as to whether an 
increase in training load influences the risk of non-contact injuries. One purpose of this 
study is to examine the influence of workload on the Landing Error Scoring System 
(LESS Test), which is a clinically relevant test linked to the risks of various non-contact 
injuries.20,24–26 This study will also examine the associations between training load, 
delayed onset muscle soreness, and hip range of motion.  
The Role and Evolution of Monitoring Training Load 
Monitoring an athlete’s workload throughout competitive and non-competitive 
time frames has been utilized previously to track the best ways to improve athletic 
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performance but has more recently shifted towards identifying points throughout the 
season at which the athlete is at maximal or minimal injury risk. Gabbett and Domrow14 
measured both rate of perceived exertion (RPE) and an arbitrary unit that is the product 
of training session intensity and duration in order to quantify training load in sub-elite 
rugby players, and reported a 1.5 to 2.85 increase in odds of sustaining an injury for each 
arbitrary training load unit. They also established that RPE, which uses the subjective 
ratings 2, 5, and 9 to quantify easy, hard, and very, very hard, is an acceptable way to 
measure training load.  
These findings coincide with others to suggest that a higher training load to 
improve athletic performance may lead to higher injury risk.14,17,19,23 However, 
appropriate training can also lead to adaptations that decrease injury risk, such as muscle 
strength and endurance.14,16 Gabbett17 compared planned training load developed by 
strength and conditioning coaches (calculated by multiplying session intensity and 
duration) and perceived training load (measured by Rate of Perceived Exertion, heart 
rate, and blood lactate and also multiplied by session duration) in professional rugby 
players, and found that a Cohen’s effect size (ES) of 0.5 between planned and perceived 
training load represented a threshold, or “spike”, in training load. More importantly, 
athletes were 70 times more likely to sustain a non-contact soft tissue injury when this 
threshold was exceeded.17 Other studies have utilized the Acute:Chronic Workload Ratio 
(ACWR) to evaluate workload, which is calculated by dividing the acute workload 
(average of a period of time) by the chronic workload (average of a longer period of 
time).15,16,18 This study will utilize the LESS test, hip range of motion, and delayed onset 
muscle soreness in order to identify biomechanical alterations caused by changes in 
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ACWR so that injury resulting from training load increases can be better understood and 
therefore prevented.  
Acute to Chronic Workload Ratio and Injury Risk 
Higher training loads lead to higher injury risk.14,17,19,23 This causes a predicament 
in high level competitive sports as there is a need to train harder in order to perform 
better.17,38,39 Another contradiction is that high aerobic capacity, ability to sustain high 
intensity running, and greater body mass index are all attributes of increased workload, 
and they all decrease injury risk.16 Why then is a higher training load associated with 
higher injury risk?  
A common theme among workload-injury studies is to measure an absolute 
workload (high or low training load). However, workload-performance investigations 
have taken a step to examine a difference in chronic workload (a rolling, 4-week average 
workload) and acute workload (a 1-week average workload). This difference is referred 
to as acute:chronic workload ratio.15,16,18,23 Hulin et al.16 found that a low chronic 
workload has the greatest potential for injury risk. These authors evaluated professional 
rugby players over the course of 2 seasons, and reported that a high chronic workload 
combined with moderate and moderate-high workload had lower injury risk than low 
chronic workload with several other acute:chronic workload ratios. Players with a high 
chronic workload were more resistant to moderate acute:chronic workload ratios, but less 
resistant to very-high acute:chronic workload ratios. The threshold at which high chronic 
workload athletes are less resistant is about 1.5 (different statistic from the Cohen’s 
Effect Size used in Gabbett’s17 study).16 At this ratio, Hulin et. al. found a 28.6% injury 
risk which was higher than any other workload ratio calculated. While higher workload 
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or training load was previously shown by the literature to be a predictor of injury, it is 
important to consider that a high-level athlete (rugby in this case) will be required to 
produce high workload during any given athletic event. An athlete working at a lower 
chronic workload will be underprepared for the high physical demands inherent to the 
athletic event.16  
Athletes who are accustomed to a high training load appear to incur fewer injuries 
than those who are accustomed to a lower training load.18 Gabbett defines acute workload 
as “fatigue” and chronic workload as “fitness”. If the acute load, or “fatigue”, is higher 
than the chronic load, or “fitness”, there is an acute:chronic workload ratio that exceeds 
1.0. A collection of data taken from rugby, cricket, and Australian football suggest that an 
acute:chronic ratio of 0.8-1.3 is the “sweet spot”, but an acute:chronic workload 
measuring 1.5 or more is classified as the “danger zone”.16,18 While most of the literature 
is centered around professional rugby, a more recent study by Malone et. al.15 studied 
workload and injury risk in professional soccer players over the course of one season. 
Workload was measured using the modified Borg CR-10 RPE scale. Also unique to this 
study was that fitness levels were obtained by strength and conditioning staff using the 
Yo-Yo Intermittent recovery test. Training load data that was collected included 
cumulative two, three, and four weekly loads, change in load from week prior, and 
acute:chronic workload ratio. One significant finding was that at a similar weekly 
workload, players with an acute:chronic workload ratio of >1 to <1.25 were at a reduced 
injury risk compared with players who exerted an acute:chronic workload ratio of .85 or 
less.15 Also a significant finding was that players with higher fitness levels measured by 
the Yo-Yo Intermittent recovery test were able to tolerate 1-week changes in load better 
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than players with lower fitness levels. The data in this study recommend an acute:chronic 
workload ratio between 1 and 1.25.15 This study shows the importance of a consistent 
high-intensity training regimen despite previous data suggesting that higher training load 
increases injury risk.  
One limitation to research involving workload is the subjective nature of 
workload and injury. In many of the studies, workload is measured using rate of 
perceived exertion (RPE), which is a subjective test.14–19,23 While it has been shown to be 
an acceptable measure of workload, it is still subject to the athlete’s perception and 
honesty. For example, if an athlete knows that a consequence of a certain acute:chronic 
workload ratio is restricted participation in sport, that may give the athlete incentive to lie 
about his/her RPE in order to prevent or facilitate restricted participation. Another 
limitation of the current research is that the definition of injury is fairly vague. Most of 
the current workload studies define injury as an injury leading to a 24-hour time-loss.14–
19,23,27,40 Missed time due to injury is normally up to the discretion of the clinician 
working with that athlete, who reports subjective symptoms to that clinician. Within that 
interaction is potential for fabrication from the patient, as well as over or under-cautious 
decisions made by the clinician. Injury reporting also encompasses a wide range of tissue 
damage with little detail regarding what structure was damaged and to what severity that 
structure was damaged. However, Krutsch, et. al.40 compared ACL and PCL injury rates 
for 249 players in the new German football league with 159 players in the highest 
amateur leagues and hypothesized that the heavy increase associated with professional 
league participation would cause an increase in injury risk. In the new professional 
league, 7.2% of athletes sustained a cruciate ligament injury (5.2% ACL; 2.0% PCL) 
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compared to only 1.9% in the amateur league (all ACL injuries).40 While these data 
provide a preliminary link between an increase in workload associated with level of play 
and injury risk, a causal link cannot be evaluated due to the cross-sectional cohort design. 
Specifically, training level was not evaluated prospectively, as league of play was used as 
a proxy for training workload. The results of this study cannot, therefore, be used to infer 
that increased training load leads to cruciate ligament injury. 
 In addition to current literature’s broad, nonspecific scope of tissue injuries 
incurred by increasing workload, research so far has not addressed specific physical or 
psychological changes that occur during these different acute:chronic workload ratios that 
may be increasing or decreasing susceptibility to injury. Now that there is quantifiable 
injury risk associated with changes in training load, it is important to consider what 
alterations are imposed on that athlete physically or mentally that increase injury risk. 
Despite the evidence, athletes will continue to be pushed physically beyond what is 
considered safe, so it is the healthcare provider’s duty to know what actions to take while 
a particular athlete may be in the “danger zone”. In order to know what actions to take, it 
is essential to know what changes in high level athletes that make them more susceptible 
to injury. At that point, preventative action can be taken to reduce the risk of injury when 
athletes cross into more injury-prone stages of training. This study will use the LESS test 
to identify biomechanical changes happening during periods of high ACWR that place 
the athlete in a susceptible position so that preventative action can be taken.  
Landing Mechanics and Injury Risk 
 Because of the lack of knowledge regarding what adaptations occur during 
periods of critical acute:chronic workload ratio, this study aims to examine landing 
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mechanics associated with lower extremity soft tissue injury, and how they are altered by 
ACWR. A valid, reliable, and clinically feasible way to assess landing mechanics is using 
the Landing Error Scoring System (LESS).20,24,25 During the LESS, the subject jumps 
from a 30 cm box placed half the body height away from the landing surface, attempts to 
land with both feet simultaneously, and then performs a maximal vertical leap 
immediately after landing. Movement patterns are evaluated from initial ground contact 
to toe-off. The purpose of the LESS test is to provide an inexpensive, efficient, and easy-
to-use assessment tool for identifying high risk movement patterns during a jump-landing 
maneuver.20,24,25Everard26 discovered that there is an association between injury and a 
LESS Test score greater than 5 in male entry-level military recruits. In the 34 subjects 
with poor LESS Test scores (>5), 10 sustained knee injuries, 3 sustained ankle injuries, 
and 4 sustained lower limb injuries. Little detail can be retracted from this study 
regarding relationship between LESS Test scores and injury location or severity. The 
significance in Everard’s study is that the LESS test is a sensitive (73%) and specific 
(87%) predictor of injury.26 Faults in the LESS Test are modifiable and can be corrected 
to reduce the risk of musculoskeletal injury, therefore it is important to use the LESS Test 
to identify those modifiable faults. If ACWR and poor LESS Test scores can be linked, it 
may improve prevention strategies during spikes in ACWR. 
One musculoskeletal injury that the LESS Test is particularly close with is 
Anterior Cruciate Ligament (ACL) injury.20,25 A LESS Test total score greater than 5 has 
been linked to ACL injury risk in youth soccer players.20 Padua et. al.20 utilized the LESS 
as a screening tool to develop an ACL injury prevention program in elite-youth soccer 
athletes. The study found that the risk ratio for LESS scores of 5 or more compared with 
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scores of less than 5 was 10.7. While this ratio is significant, the use of LESS test as a 
screening tool has a low specificity (64%) giving it a low positive predictive value. This 
is likely due to the low numbers of ACL injury in the sample population. These results, 
while limited to youth athletes, show a positive relationship between improper landing 
mechanics (higher LESS scores) and ACL injury, but they do not add any insight as to 
which aspects of improper landing are more important or less important to preventing 
injury. There are known biomechanical factors that contribute to ACL loading. Ruptures 
occur most commonly during rapid deceleration movements such as cutting or landing.27 
What this review will focus on is those factors that can be evaluated via landing 
mechanics. The ACL is susceptible to loading in all three planes of motion- frontal, 
transverse, and sagittal.24,25,27 These motions include increased knee valgus, increased 
knee internal rotation, and decreased knee flexion (secondary to anterior shear forced 
produced by quad contraction) respectively.27 Laughlin et al.27 modeled ACL loading 
during landing in healthy females. Subjects performed two types of landing: “stiff” and 
“soft”. In the soft landing technique, knee flexion angle increased providing a more 
efficient moment arm and stronger force from the hamstring muscles, which in turn 
added posterior tibiofemoral shear, reduced anterior tibiofemoral shear, and therefore 
reduced peak ACL force.27 Another major finding from this study is that even though 
peak ACL force was altered by different landing mechanics, the time at which it occurred 
remained the same.27 This finding suggests that the subject’s body position at initial 
contact is vital to protecting the ACL’s integrity, because the body will not have time to 
correct susceptible positions after initial contact before damage to the ACL can be done. 
What this study shows is that landing mechanics in women have a direct effect on the 
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peak ACL load and that it should be an important determinate when evaluating a female 
patient for potential risk factors that may lead to ACL injury.  
Literature has not yet shown a link between ACWR and ACL injury. Because of 
the relationship between LESS Test scores and ACL injury, evaluating LESS Test scores 
during spikes in ACWR may provide insight into whether or not a spike in ACWR can be 
linked to ACL injury; however, the purpose of this study is to evaluate landing mechanics 
during periods of high ACWR and not to find a link between workload and ACL injury.  
LESS Test Validation  
 The most obvious advantages to the LESS test are affordability, simplicity, and 
efficiency.20,24,25 In addition, the LESS test has proven itself as a valid test for landing 
mechanics.24,25 Padua et. al.25 studied the validity and reliability of the LESS test by 
comparing 2 “off the shelf” video cameras against 3-dimensional motion analysis, which 
is the gold standard. Two raters graded the LESS test twice for randomly selected 
subjects and were blinded to each other’s results as well as their own data between 2 
rounds of scoring. The LESS demonstrated good interrater reliability and excellent 
intrarater reliability. Significant differences in sagittal, frontal, and transverse plane 
biomechanics between those with poor and excellent scores demonstrate that the LESS 
test successfully distinguishes jump-landing biomechanics related to ACL injury, making 
it a valid test.25 Limitations of the LESS test include that it is mostly vertical motion, 
whereas many ACL injuries occur during forward motion with deceleration. Another 
limitation is that it uses a cumulative, unweighted score of errors in order to predict injury 
risk. It does not specify which faulty movement patterns exist that could be addressed via 
injury prevention efforts. In conclusion, the LESS test has proven consistent and accurate 
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while advantageous in cost, ease, and efficiency. It is an appropriate tool to assess 
improper motions in athletes who may be at risk for ACL injury.  
The Role of Hip Range of Motion 
 Hip function is understood to be an indirect contributor to knee biomechanics.41–43 
One relationship studied in depth is hip function and ACL injury. Two common 
categories studied are hip range of motion and hip strength. This study will focus on the 
association between hip range of motion and ACL injury, and how hip range of motion is 
affected by an increased workload. Hip range of motion has been discovered as a 
potential factor contributing to ACL injury by a few studies.21,22,31 Tainaka et. al.22 
compared hip range of motion in healthy individuals to hip range of motion in individuals 
with a history of ACL injury. In the non-contact ACL injured group (n=44), internal 
rotation averaged 35 degrees (SD=9.1) compared to 50.2 degrees (SD=7.2) in the control 
group (n=123). External rotation measured 45.7 degrees (SD=6.1) in the injured group 
compared to 56.3 degrees (SD=6.8) in the non-injured group. The study found that ACL 
injury risk increases as hip rotation narrows. While an association between hip range of 
motion and ACL injury has been established, literature is lacking in factors associated 
with poor hip range of motion. However, there is literature to support the effects of 
overtraining on overall flexibility. Kibler et. al.34 recognized that muscle placed under 
repetitive tensile loads becomes tight thus limiting joint range of motion. In addition, a 
bridge between training load and range of motion has been previously discovered using 
the presence of delayed onset muscle soreness (DOMS). DOMS has been shown to 
temporarily decrease muscle flexibility. Howell, et. al.44 and Saxton et. al.36 show a 
decrease in elbow motion when exposed to post exercise muscle soreness. A limitation of 
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these two studies is that the subjects experienced a much higher level of muscle activity 
than one would experience with every day activity. However, that is essentially the 
concept of acute to chronic workload ratio. If the ratio is high, the individual experiences 
a heavier workload than normal. Clemente et. al.33 found that elite level soccer players 
experienced an increase in DOMS when competing in two matches per week when 
compared to competing in one match per week. If an athlete who experiences higher than 
normal workload (high ACWR) is susceptible to DOMS, that athlete is more likely to 
experience range of motion deficits. As previously stated, hip range of motion has been 
associated with ACL injury. This study will examine the effect of ACWR on delayed 
onset muscle soreness and hip range of motion in an attempt to identify biomechanical 
factors associated with injury in order to explain why high ACWR causes injury and 
ultimately to explore modifying those factors.  
Rationale 
 Workload studies have demonstrated that an acute:chronic workload ratio 
(ACWR) of 1.5 or more puts an athlete at a significantly increased risk for non-contact 
injury.15,16,18,19 What research has not yet provided is what happens to the individual 
when critical acute:chronic workload ratio is exceeded (i.e. what additional factors 
change that explain the increase in injury risk). The purpose of this study is to determine 
whether LESS scores and hip range of motion change in female Division 1 NCAA 
athletes who reach 1.5 ACWR. With this information, faulty landing biomechanics and 









CHAPTER 3: METHODOLOGY 
Research Design 
 A cohort study design with a convenience sample and control was used. 
All participants completed 2 testing sessions (pretest and posttest) involving identical 
procedures for assessing jump-landing biomechanics and transverse plane hip range of 
motion. Muscle soreness was recorded only as a posttest measure. The pretest session 
was completed prior to the subject’s athletic season as part of pre-screening medical 
procedures, and the post-test session was completed within 72 hours after the athlete 
exceeded the critical ACWR value.  
Participants 
 We recruited a convenience sample of females between 18 and 25 years of 
age from Division 1 women’s soccer (n=31) and field hockey (n=30) teams. We excluded 
individuals with a history of injury or illness who were not cleared for full participation 
in sport. Participants were stratified into groups that did (ACWR) or did not (Control) 
experience a training load spike as defined below. The university’s Institutional Review 
Board approved all methods, and all participants provided written informed consent prior 
to participation.  
Procedures  
 All data were collected in a research laboratory setting by trained graduate 
research assistants. General demographic information such as age, height, weight, and 
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academic class were recorded at each posttest session. DOMS was subjectively scored on 
the day of posttest using the FitFor90 soreness scale. Participants also completed a series 
of passive range of motion measurements via a digital inclinometer. Participants next 
completed a landing biomechanics assessment from which the LESS score was 
determined using the Physimax motion capture system. Once a participant had been 
tested as a control or ACWR subject, that participant was not available to be re-tested. If 
a participant experienced a spike during the season and was not tested as a spike subject, 
that participant was given a 2-week washout period before he/she could be tested as a 
control subject.  
Measures 
Acute to Chronic Workload Ratio 
Workload data was collected via self-report using the modified Borg CR-10 rating 
of perceived exertion (RPE) scale, with ratings obtained from each participant 
immediately after each event or training session via each team’s respective load 
monitoring platform (soccer- Fit for 90; field hockey- Fusionetics). Session duration in 
minutes was also input into each platform by the staff ATC following each training 
session. RPE and session duration were then multiplied to represent a workload value 
(Session RPE [sRPE]). The information was then downloaded as a csv file and converted 
to a Microsoft Excel document. Acute to Chronic workload ratio (ACWR) was calculated 
using an uncoupled ratio of moving averages- an acute three-day average sRPE to a 
chronic seven-day average sRPE. The acute period (numerator) was calculated as the 
average sRPE over the previous 3 days, and the chronic period (denominator) was 
calculated as the average over the 7 days prior to the acute period (i.e. 10 days prior to the 
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day of interest). ACWR values that exceeded 1.4 were considered “spikes” in training 
load, and these subjects were assigned to the ACRW group.  
Landing Error Scoring System 
Landing mechanics were assessed in all subjects during preseason screenings. For 
the ACRW group, landing mechanics were assessed again within 72 hours of the ACWR 
spike. using the PhysiMax 3D motion capture system. Control subjects were tested with 
spike subjects, and were not tested within 2 weeks of an ACWR spike.. Scoring was 
quantified by the use of the Landing Error Scoring System (LESS), which is a valid and 
reliable assessment of landing quality.20 Participants jumped from a 12-inch height placed 
36 inches horizontally from a targeted landing surface, and then performed a maximal 
vertical jump immediately after landing. A successful jump was defined as (1) jumping 
off both feet from the box; (2) jumping forward in order to reach the targeted surface; (3) 
landing with each foot entirely positioned on the targeted surface; and (4) completing the 
task in one fluid motion. The participants were not given any feedback unless they 
incorrectly performed the task. In that case, the participant was given corrective 
instruction and as many practice trials as needed to perform 3 successful trials.  
The LESS score consists of a count of 22 landing technique errors. A higher score 
indicates poorer mechanics and a lower score indicates better mechanics. The first set of 
items (1-9) addresses lower extremity and trunk motion at the time of initial contact. A 
second set of items (10-13) assesses foot positioning errors. Items 10 and 11 are scored as 
the entire foot comes into contact with the ground, and items 12 and 13 are scored 
between initial contact and maximum knee flexion. The third set of items (14-19) 
assesses lower extremity and trunk motion between initial contact and maximum knee 
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flexion, or maximum knee valgus angle (18). Items 1-19 were scored by the PhysiMax 
system, which uses the Xbox connect system to objectively score the subjects’ landing 
mechanics. The final set of items (20-22) includes the assessor’s overall opinion of the 
participant’s movement. These items (20-22) were scored manually through video 
recording after the tests were completed. Without these items, the markerless motion 
capture system shares a similar reliability with consensus expert scores.45 Each landing 
assessment trial was then visually inspected to ensure proper tracking and scoring. 
Delayed Onset Muscle Soreness 
Delayed onset muscle soreness was obtained by a trained research assistant during 
each posttest session using the soreness score within the Fit for 90 platform. This scale 
involves a subjective rating of soreness from -3 to 3 where -3 indicates “very sore”, -2 
indicates “sore”, -1 indicates “fairly sore”, 0 indicates “neutral”, 1 indicates “fairly 
good”, 2 indicates “good”, and 3 indicates “very good”. The subject also indicates the 
location of soreness. Any soreness reported that did not involve the lower extremity was 
not included in the analysis. 
Range of Motion Assessment  
Hip internal and external rotation range of motion were assessed by a trained 
clinician at pretest and again within 72 hours of ACWR spike using a hand-held digital 
inclinometer. Hip external rotation was measured with the subject in a prone position 
with the test-side knee flexed to 90 degrees. The digital inclinometer was the placed 
parallel to the long axis of the tibia. The clinician stabilized the contralateral PSIS/iliac 
crest, then passively externally rotated the hip to end feel and the digital inclinometer 
value was recorded. Hip internal rotation was also measured with the subject in a prone 
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position with the test-side knee flexed to 90 degrees. The digital inclinometer was the 
placed parallel to the long axis of the tibia. The clinician stabilized the subject’s 
ipsilateral PSIS/iliac crest, then passively internally rotated the hip to end feel, and the 
inclinometer reading was recorded. Each measurement was recorded 3 times and 
averaged for each limb.  
Data Analysis 
 All data were analyzed using SPSS Version 22.0 (IMB Corporation, New York, 
USA). Change scores (posttest-pretest) were calculated for each outcome. Change scores 
for hip ROM were calculated for both the left and right limbs, then averaged to create a 
single value. Independent samples t-tests were used to compare hip internal and external 
rotation range of motion and LESS change scores between the ACWR and Control 
groups. The associations among hip range of motion, soreness, and LESS were analyzed 
using simple Pearson correlations in the spike group only. Statistical significance was 








CHAPTER 4: RESULTS 
Results 
Of the original sample of 61 participants, 38 completed the post-test assessment 
(13 control, and 25 ACWR spike). Average height, weight, and age of each group are 
listed in Table 1.  
 
 
Independent samples t-tests revealed a decrease in hip external rotation range of 
motion of 4.73° in the Control group (p = 0.015) (Table 2.). No differences were found 















Group Height in cm Mass in kg Age in years 
ACWR Spike 167.6 ± 5.7 63.2 ± 5.8 19.8 ± 1.5 
Control 166.64± 5.3 64.4 ± 5.9 20.2 ± 1.5 
Table 1. Participant Demographics 
 
23 
Table 2. t-test for comparing pre-test to post-test 
D Group N Mean ± SD (95% confidence interval) P 
LESS Score Control 12 0.83 ± 1.75 (-0.264, 1.93)  0.848 
Spike 25 0.96 ± 1.92 (0.2, 1.72)  
Internal Rotation Control 13 0.99 ± 5.33 (-1.81, 3.79) 0.362 
Spike 25 2.56 ± 4.80 (0.542, 4.59)  
External Rotation Control 13 -4.73* ± 8.61 (-8.88, -0.576) 0.015* 
Spike 25 1.71 ± 6.68 (-1.28, 4.71)  
 
Pearson correlation in the ACRW group revealed that greater LESS scores at 
post-test were associated with lesser hip internal rotation range of motion (r = -0.378, p = 
0.04; Figure 1). The correlations between LESS scores and soreness (r = 0.068, p = 
0.684) and hip external rotation range of motion (r = 0.266, p = 0.156) were not 
significant. 
 






























Correlation in ACWR Spike Subjects
(r = -0.378, p = 0.04 )







CHAPTER 5: DISCUSSION 
Overview 
Contrary to our primary hypothesis, a spike in the ACWR did not alter factors 
related to ACL injury risk including landing biomechanics and hip internal or internal 
rotation range of motion. Similarly, changes in landing biomechanics, hip rotation range 
of motion, and soreness were not associated with the ACWR value. Current literature has 
studied the association between ACWR and injury risk in elite men’s soccer, elite men’s 
rugby, and elite men’s Australian league football.14,15,46 However, no previous studies 
have evaluated these associations in female athletes or field hockey athletes. As such, 
differences in aerobic capacity required between sports and across sex may explain why 
our results differ from those of previous investigations.  Aerobic capacity is an important 
factor, because the chronic component of the ACWR calculation is representative of 
fitness, and lower fitness paired with an increase in workload is predictive of injury 
risk.14,15,18,46 Sex is potentially a differentiating factor between this study and previous 
literature as females have a higher predisposition to ACL injury than males.6–9,32 Beutler 
et al5 also suggests that female military cadets score higher on the LESS than male 
military cadets. This disparity may have also impacted our study. Additionally, previous 
investigations have evaluated the effects of ACWR spikes on general lower extremity 
injury risk rather than biomechanical predictors of a specific injury classification (ACL 
injury). As such, potential exists for differences in other biomechanical factors that 
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influence ACL injury risk to exist between the ACWR and Control groups that can only 
be identified via traditional 3-dimensional laboratory assessments.   
The existing literature interprets an ACWR of 1.5 or higher as a spike in 
workload1,4–19,46 whereas we defined a spike as an ACWR of 1.4 or greater. Our 
reasoning for choosing a lower threshold was to create more sensitivity to change in 
neuromuscular patterns that may be the root of increased injury rates experienced at 
higher ACWR levels.14–19,46,47 However, further analyses revealed that ACWR was not a 
significant predictor of the change in LESS score (r = 0.138, p = 0.476).  
Additionally, we calculated ACWR using a 3:7 calculation while others have 
utilized as 7:21 calculation.14–19,46,47  We retrospectively calculated ACWR using a 7:21 
formula. However, there was no correlation between ACWR calculated with a 3:7-day 
ratio compared to a 7:21-day ratio in the ACWR spike subjects on the day of their spikes 
(r = -0.098, p = 0.674). This suggests that the two calculations may reflect different 
phenomena and are not interchangeable. Further analyses indicated that recategorizing 
subjects using the 7:21 ACWR revealed no statistically significant differences in hip 
internal or external rotation range of motion, or LESS between the control (n=32) and 
spike (n=6) groups (see Table 3). It is possible based on these post hoc analyses that it 
would have been more appropriate to utilize both a larger sample size as well as a 7:21 
day ACWR calculation first because the 7:21 day ratio has demonstrated injury 
prediction capability in men’s Australian rules football, men’s professional rugby, and 
men’s professional soccer;14–19,46,47 there was no correlation between the validated 7:21 
day calculation and our 3:7 day calculation; and a larger sample size because using the 





Table 3. t-test for comparing pre-test post-test at 7:21 ACWR 
 
Hip external rotation range of motion decreased in the control group whereas the 
group that experienced a spike in ACWR displayed no changes in range of motion. This 
finding contradicts our hypothesis that the ACWR spike group would experience a 
decrease in hip rotation range of motion compared to baseline measurements. The causes 
of the decrease in range of motion experienced in the control group are unclear but may 
be explained by the choice of ACWR threshold and the ACWR calculation method, as 
well as the minimal detectable change for range of motion measures.  
While the reliability of using a digital inclinometer for hip rotation range of 
motion is well-studied and well-established,48,49 data detailing the minimal detectable 
change (MDC) and validity of hip external rotation measurements using a digital 
inclinometer are limited. The MDC for shoulder rotation is 8°50 and the hip internal 
rotation MDC is reported to be 8.6°.51 The decrease in hip external rotation detected in 
D Group N Mean P 
LESS Score Control 38 0.58 ± 2.18 0.195 
Spike 6 1.83 ± 3.37  
Internal Rotation Control 38 2.36 ± 4.93 0.395 
Spike 6 -0.4 ± 3.43  
External Rotation Control 38 -0.74 ± 7.75 0.310 
Spike 6 5.16 ± 4.5  
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the control group in this study was 4.73°, thus it is likely based on the studies of the hip 
and shoulder that this change in hip external rotation is within the MDC of the digital 
inclinometer’s measurements capability. Therefore, this small change in range of motion 
is most likely due to the inclinometer’s margin of error and not a clinically meaningful 
difference. In addition, the upper limit for the 95% confidence interval for the control 
group’s change in external rotation range of motion comes very close to zero, meaning 
that it comes very close to being statistically insignificant.  
Lesser hip internal rotation range of motion was moderately associated with 
poorer LESS scores in the ACWR spike group. Because there were no changes in 
soreness, range of motion, or LESS scores as a result of spike in ACWR, the correlation 
between hip internal rotation range of motion and higher LESS scores cannot be 
explained using these factors. Instead, it is possible that the assumed increase in fatigue 
(RPE) that is self-reported in the ACWR spike group played a role in the correlation 
between lesser hip internal rotation range of motion and higher LESS scores. This finding 
may reflect a general reduction in range of motion and an increase in landing stiffness in 
the ACWR spike group. This notion of generally reduced range of motion is further 
supported by post-hoc analyses demonstrating a correlation between reduced post-test 
weight-bearing lunge test (dorsiflexion range of motion) and higher post-test LESS 
scores (r = -0.543, p = 0.005). It is well established in the literature that fatigue alters 
jump-landing mechanics.29,52–58 Smeets et al54 reported a correlation between a higher 
RPE and decreased knee flexion angle at maximum displacement post-activity during a 
double leg jump landing task. Similarly, Noh et al53 reported a decrease in hip and knee 
flexion angle at maximum displacement during a double leg jump-landing task. 
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Decreased knee flexion angles lead to greater LESS scores, and this outcome is a 
valuable component to predicting lower extremity injury, including ACL 
injury.20,24,25,45,59 While we are not aware of any literature evaluating the effects of fatigue 
on passive hip range of motion, the increase in LESS-related variables observed with 
fatigue28–30,43,56,57 could represent a general increase in lower extremity muscle stiffness 
and passive resistance to internal rotation. This would potentially explain the correlation 
observed in this study between lesser hip internal rotation range of motion and greater 
LESS scores in the ACWR spike group.  
The purpose of the current study was to globally evaluate jump landing 
biomechanics after a change in ACWR. To expand upon these findings, further analyses 
of individual criteria within the LESS may help explain the relationship between hip 
internal rotation range of motion and LESS scores. The clinical significance of this 
finding is that lesser hip rotation range of motion22,31 may be associated with greater ACL 
injury risk as is a LESS score of 5 or more.20,25 Therefore, the relationship between lesser 
hip internal rotation range of motion and poorer LESS scores in individuals who display 
an ACWR spike supports a need for more research on fatigue-related biomechanical 
changes that may be seen with abrupt changes in workload that potentially increase the 
risk of ACL injury.  
Limitations of the Study 
The fact that we did not identify changes in the LESS score or soreness following 
an ACWR spike could be due to a number of factors. First, this study utilized an ACWR 
of 1.4 as the threshold that differentiates spike subjects and control subjects as opposed to 
1.5 used in other studies.14–18,46,47 While level of ACWR was not associated with LESS 
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test scores, more research is necessary to determine if there is a threshold at which 
changes in hip rotation range of motion, LESS scores, and soreness become detectable, 
similar to the observed increase in injuries in male soccer, Australian rules football, and 
rugby athletes past the 1.5 threshold. Second, this study used an acute period of 3 days to 
an uncoupled chronic period of 10 days. It could be that this calculation provides a higher 
sensitivity but lower specificity in detecting changes in workload that have been linked to 
greater injury risk.14–16 Essentially, the shorter term 3:7 ACWR calculation might detect 
smaller changes in load than the longer term 7:21 ratio that detects a more chronic state 
of fatigue. The possible increased sensitivity and decreased specificity in this method 
may have provided a false positive in determining an ACWR spike. This may explain 
why no differences were seen between the ACWR spike and control groups, as our 
calculation method potentially detected a spike when there was no true spike present. 
Further research is necessary to discern if clinical changes can be detected in those 
determined to have a spike in ACWR. Additionally, we tested all subjects within 72 
hours of their spike in workload. However, it is possible that the effects of an initial spike 
in ACWR do not persist over this interval and were muted at the time of post-test. More 
research needs to be done on injury risk post-spike and the time frame at which those 
injuries occur.  
Conclusions 
 This study provides a number of useful insights regarding the monitoring of 
ACWR. First, as AWCR literature suggests, chronic fatigue is an important factor in 
monitoring injury risk, and hip internal rotation range of motion is also an important 
factor in monitoring injury risk. Therefore, this study suggests that hip internal rotation 
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range of motion may be a factor of interest to a fatigued individual. Hip internal rotation 
range of motion may play a biomechanical role in distinguishing innocuous fatigue and 
fatigue that leads to injury. Second, more research is needed to determine if specific 
ACWR values at which an athlete’s injury risk changes vary across sport, as the aerobic 
capacity required in each sport is different.15,16,23 Finally, it is important to establish a 
calculation that provides the most valid and reliable information on injury risk, whether 
that is a more acute calculation like 3:7, or a more chronic calculation like 7:21; or 
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